Here, we present biochemical and small-angle X-ray understood.
scattering (SAXS) studies of p97 in four nucleotide p97 appears to have several roles in the cell, of which states. Models derived from the scattering data reveal the best understood is in ubiquitin/proteasome-medisignificant differences in the position of the N domains, ated protein degradation, in particular endoplasmic reas well as smaller differences in the D 1 and D 2 domains, ticulum-associated degradation (ERAD) (Jarosch et al., as the enzyme progresses through the hydrolysis cycle. In contrast to the full-length protein, a fragment lacking the position of N, implying that nucleotide hydrolysis by D 2 is responsible for conformational changes that link ATPase activity to movement of the N domain. As noted above, there are significant differences bebelow the position of N seen in the crystal structure ( Figures 8F and 8G ). These data suggest that the solutween the two EM studies, which complicate comparison with the present SAXS results. Nonetheless, a mation structure is genuinely different from that seen in crystals. Superposition of the AMP-PNP models for jor difference is that the SAXS data extend to a nominal resolution limit of 8.6 Å, whereas the limits of the EM both ND 1 and full-length p97 shows the extent of deflection out of the plane formed by D 1 to be similar and reconstructions are at 18-24 Å. Truncating the SAXS data to 20.9 Å produces models that differ substantially clearly below the position of N as seen in the crystal structure ( Figure 8H ). The high-salt, acid pH conditions from those based on higher-resolution data ( Figure 4E ). These models more closely resemble the EM reconunder which the crystals were obtained may be responsible for the differences with the SAXS models. structions, which is likely due to the absence of the higher-resolution structural information. Fractions containing pure p97 were pooled and concentrated by gle ranges were scaled and merged together in GNOM (Svergun, 1992) to yield a low-noise composite curve covering a wide angular using Vivaspin 20 spin concentrators with a 30,000 Da molecular weight cutoff (Vivascience). The protein was applied to a desalting range. The radii of gyration (R g ) were initially computed from the Guinier plot (Guinier and Fournet, 1955) . The pair distance distribucolumn (Amersham Biosciences) equilibrated in buffer consisting of 25 mM HEPES (pH 7.1), 150 mM sodium acetate, and 2 mM tion function, P(r), was calculated by using the indirect Fourier transform method of Svergun as implemented in GNOM, and valdithiothreitol, and eluted with the same buffer. The eluate was divided among five tubes, and added to each was 2 mM MgCl 2 plus ues of the R g were computed from the second moment of the P(r) function. These values for R g compared favorably to the initial val-2 mM or units of one of following enzymes or nucleotides: apyrase, AMP-PNP, ADP, or ADP-AlF x . The ADP-AlF x condition was proues derived from Guinier plots. In order to determine the maximum dimension of the particle (D max ), the P(r) function was computed duced by adding 8 mM NaF and 2 mM AlK(SO 4 ) 2 to 2 mM ADP. To the fifth tube, neither nucleotide nor enzyme was added. The prowhile constraining the function to go to zero at r max , where r max was varied from 120 to 210 Å in 1 Å increments. The value of r max tein was concentrated to approximately 20 g/l as estimated by using a dye binding Protein Assay (BioRad). "No Nucleotide" refers that yielded the highest "total estimate" value in combination with a plausible P(r) function was taken as the D max . to protein to which nothing was added.
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Modeling of Scattering Data In order to identify nucleotides bound to full-length and truncated
The program GASBOR (Svergun et al., 2001) was modified by D. p97, after exchange, the protein solution was incubated on ice for Svergun to allow for modeling of molecules in excess of 330 kDa. 30 min and rapidly washed by serial centrifugal filtration steps in a Each modeling run took 700 hr of CPU time for full-length p97 and Vivaspin 50,000 Da molecular weight cutoff concentrator (Viva-500 hr for ND 1 on a 2.8 GHz Pentium 4 processor. A low-resolution science), followed by reconstitution with nucleotide-free exchange envelope for each state was obtained by superposing individual buffer. This procedure was repeated 2-3 times over a period of 5 runs with the program SUPCOMB, which performs an initial alignmin. 400 g of each sample was denatured in 6 M urea to release ment of structures using their axes of inertia, followed by minimizabound nucleotide. These solutions, as well as standard solutions tion of their normalized spatial discrepancy (NSD) (Kozin and Sverof magnesium and nucleotide in 6 M urea, were analyzed on an gun, 2001). The criterion for inclusion in averaging procedures was analytical C18 column with pre-filter (Vydac) on a Hewlett-Packard NSD < mean NSD + 2 * variation. The included aligned structures Ti-Series 1050 HPLC instrument. Nucleotides were eluted isocratiwere averaged by using DAMAVER, giving the equivalent of an occally at 1 ml/min in 5 mM tetrabutyl ammonium hydrogen sulfate, cupancy value for each voxel. The models were then filtered based 20 mM ammonium phosphate (pH 5.5), and 20% acetonitrile. Eluon voxel occupancy with DAMFILT, with the mean volume of the tion times and integrated peak areas were determined with the Chemconstituent runs set as the cutoff. Station software package (Hewlett-Packard).
GASBOR modeling can be performed either ab initio or from inTo assay the ATPase activity of ND 1 , the wild-type protein, two put coordinates. To assess if starting from coordinates biases the hydrolysis mutants, E305Q and K251A, and a buffer blank were resulting GASBOR models, several runs were performed either nucleotide exchanged as described above and incubated for 1 min without a starting model or with the C α positions from PDB ID on ice with 0.5 mM ATP in the absence of magnesium. The solu-1OZ4. The superposed models agree well both visually ( Figure 4F ) tions were warmed to 37°C, and 1 mM magnesium chloride was and computationally, with ab initio models and those starting from added. Over 100 s, aliquots were removed from each reaction at coordinates yielding 1.557 ± 0.141 and 1.550 ± 0.114 (NSD ± SD), 10 s intervals, denatured in 6 M urea, and stored on ice pending respectively. This demonstrates that there is no significant bias inanalysis. Hydrolysis activity was assessed by comparing the ratio troduced by the use of starting models, so the final models preof the area under the ATP peak to that of the ADP peak over time sented here are averages of both types of simulated annealing proafter background hydrolysis was taken into account.
tocol. The effect of symmetry imposition was tested by generating models with 3-or 6-fold symmetry imposed to see if imposition of Scattering Data Acquisition lower symmetry reproduced the higher-symmetry model. A repreInitial SAXS measurements were conducted on beamline 4-2 (Tsusentative 3-fold model is shown in Figure 4G , which shows rough ruta et al., 1998) at the Stanford Synchrotron Radiation Laboratory similarity to the 6-fold models (compare to Figure 3B domains, and the D 2 coordinates were rotated to obtain the best mm quartz capillary flow cell maintained at 15°C. Individual scattervisual fit to the map. Changes in pore diameter were measured in ing curves were visually inspected prior to averaging to insure that the planes shown in Figure 6 , rows ii and iii, by using Adobe Illustraradiation damage was minimal. Scattering from the buffer and cell tor (Adobe Systems Incorporated). windows was subtracted after scaling scattering intensities to corresponding incident beam intensities. Res. 9, 27-43.
